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Abstract: Species interactions in mixed plantations can influence tree growth, resources capture and
soil fertility of the stands. A combined approach of tree-ring analyses and carbon stable isotope was
used to check tree growth and water use efficiency of two species, Populus alba L. and Juglans regia L.,
intercropped with each other and with N-fixing or competitive production species. Furthermore, soil
analyses were performed to understand how the different intercropping systems can influence soil
characteristics, in particular soil carbon stock. Dendrochronological data showed that during the first
years, the growth of principal species was favored by intercropping. This positive effect decreased
in the following years in most of intercropped stands, due to light competition with the crown of
companion species. Carbon isotope data showed that P. alba and J. regia had the highest intrinsic water
use efficiency when growing with Elaeagnus umbellata Thunb, a shrubby species with a shallow root
system that favors a non-competitive exploitation of soil water resources. Finally, the intercropping
of the principal species with Corylus avellana L. promoted the highest soil C stock. Our findings
confirmed the importance to consider the plantation dynamics and wood formation in the long-run
and to apply appropriate thinning and pruning interventions to counteract interspecific competition.
Keywords: isotopic analysis; tree-ring; N-fixing species; environmental-growth relationship;
intercropping
1. Introduction
The wide spreading of secondary forests worldwide is connected to the huge de-
population of the countryside and mountain marginal lands in favor of big cities and to
the abandonment of the agricultural and pastoral activities [1]. This land use change has
certainly caused a series of positive effects, such as contributing to mitigate global warming
through a higher absorption and storage capacity of atmospheric carbon [2]. There are,
however, also some downside effects such as increase of fire frequency and the closure
of open areas with the homogenization of the landscape [3]. To mitigate these negative
effects and to safeguard the economic and ecological functions of forests, it is necessary to
implement sustainable management of secondary forests [4].
In the last decades huge afforestation plans have been financially supported to enhance
marginal agricultural areas. Compared to the past, planted forests have globally increased
due to the growing demand for timber, pulp, energy and other goods [5,6]. In particular,
in the European Union, under the support of European Commission Regulation 2080/92,
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approximately 1,000,000 ha were afforested between 1992 and 1999 [7]. Most planted forests
were monocultures [8–11], the main advantages of which being the ease of implementation
and management and the possibility of orienting production towards high valued woody
assortments. On the other hand, the main disadvantages of monocultures are the high
sensitivity to pest and disease attacks, a progressive reduction of soil fertility, the excessively
simple plantation structure and the poor biodiversity which lead to low profits in the timber
market [12–14].
Mixed plantations are increasing globally and various studies have demonstrated their
superiority in providing various ecosystem services such as greater biodiversity, climate
change mitigation, protection from hydrogeological instability, as well as, in some cases,
an increasing in tree productivity [15–17]. Indeed, mixed-tree plantations in comparison
to monocultures could promoted a reduction in management costs [18], an excellent
adaptability of plants to extreme climatic events [19,20], a better resistance to pests and
pathogens outbreaks [8,21], improved nutrients cycle and soil fertility [22,23]. Several
studies have highlighted the positive effects on soil fertility of intercropping with N-fixing
species [24–26]. This type of mixed plantation implies increase in soil organic matter
(SOM) [27–30]. A meta-analysis study demonstrated statistically significant increase in the
concentrations of C and N in soil of mixed plantations enriched with a N-fixing species [31].
However, the success of mixed plantations is variable [32]. As stated by the stress gradient
theory [33] and confirmed by subsequent studies [34], the positive effects determined by
competitive production and facilitation species cannot prevail over negative effects (e.g.,
competition) in stands where stressful abiotic conditions, such as drought, occur. In this
context, the study of intrinsic water use efficiency (iWUE), defined as the relationship
between the net assimilation of C in photosynthesis (A) and stomatal conductance (gs) [35],
allows to evaluate how water competition affects tree growth [8,36] as well as the positive
influence of intercropped species on the photosynthetic activity and nitrogen supply of
the principal species [37–40]. Currently, information on how to match different species
to increase the chances of success of mixed plantations and maximize site conditions is
scarce [16,41–43]. Therefore, to maximize the chances of success of mixed plantations it
is necessary to deepen knowledge on their dynamics and the ecophysiological processes
that are established among the different tree species, as well as to understand the effects of
intercropping on biomass productivity and soil fertility [25].
Our research aimed to evaluate the wood formation and tree productivity, trees in-
trinsic water use efficiency and impact on soil fertility of an experimental tree plantation
varied in composition. We examined distinct stands in which two valuable species widely
used for the production of timber, white poplar (Populus alba L., Salicaceae) and common
walnut (Juglans regia L., Juglandaceae), are intercropped with each other and with a shade
tolerant shrub species such as hazel (Corylus avellana L., Betulaceae) and with N-fixing
species such as Italian alder (Alnus cordata (Loisel.) Duby, Betulaceae) and autumn-olive
(Elaeagnus umbellate (Thunb.), Elaeagnaceae). We hypothesize that species mixtures, espe-
cially N-fixing, could positively affect wood growth and water use efficiency of the studied
tree species. Further, the intercropped species could positively affect soil N fertility and
increase C stock in soil.
2. Materials and Methods
2.1. Study Area
The experimental area is located nearby Brusciana, 40 km east of Florence, Central
Italy (43◦40′31′′ N, 10◦55′22′′ E). The area has a Mediterranean climate, with mild and
rainy winters and hot and dry summers. The average annual temperature measured in
the period between 2008 and 2019 at a climatic station located 5 km from our study site
was 15.4 ◦C, while the average annual rainfall was 878 mm (Servizio Idrologico Regione
Toscana (SIR), http://www.sir.toscana.it/consistenza-rete, access on 15 March 2020). The
soils developed on recent (Holocene) fluvial deposits and are Fluventic Haplustepts coarse-
loamy, mixed, thermic of the USDA Soil Taxonomy, according to the 1:250,000 soil map by
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Regione Toscana (http://sit.lamma.rete.toscana.it/websuoli, access on 15 March 2020). The
study site was a mixed tree plantation (7.44 ha) established in 1996 on formerly cultivated
land. The tree plantation comprises different and neighboring stands/mixed intercropping
where poplar and walnut were planted together using a triangular layout with a distance
of 8 m (179 trees per ha), and intercropped with different nurse trees and shrubs, using a
rectangular layout of 3.5 × 4 m (715 trees per ha) and maintaining the same layout and
density of the two main tree species (Figure S1). The individuals of the same species were
all the same genotypes.
In this study, the experimental design is the same used by a previous study [26]. Four
types of intercropped systems were examined and compared using a randomized blocks
design with three replications:
• Poplar and walnut (plot PJ).
• Poplar, walnut intercropped with hazel (plot PJC).
• Poplar, walnut intercropped with autumn-olive (plot PJE).
• Poplar, walnut intercropped with Italian alder (plot PJA).
2.2. Sampling and Dendrochronological Processing
In December 2018, 10 dominant trees of P. alba (mean diameter at breast height
43.5 ± 6.2 cm, mean height 22.4 ± 2.6 m) and 10 dominant trees of J. regia (mean diameter
at breast height 17.5 ± 2.6 cm and mean heigh 12.7 ± 1.8 m) were randomly selected
in each replicate of each mixture. For each tree, two wood-cores were collected by an
incremental borer (Haglöfs Langsele, Sweden). The cores were taken at a height of 130 cm
from the ground and in east-west direction. The collected cores were fixed on specific
wooden supports and subjected to a sanding process, to facilitate tree-rings identification.
Subsequently, dendrochronological measurements were made to the nearest 10 µm using a
semiautomatic device (LintabTM, Rinntech, Heidelberg, Germany). Through this system, it
was possible to measure the width of the tree-rings and elaborate the representative curves
of the growth trend of each individual plant (tree-ring width—TRW). In a second step, the
obtained TRW series were visually and statistically crossed with each other through the
“Gleichaeufigkeit” (GLK), a specific parameter that assesses the correlation between the
different series [44]. Synchronization was considered acceptable with a GLK > 0.70. Finally,
to understand the effect of the different intercropping on the diametrical increase, the mean
tree-ring width chronology of each replicate and the annual Basal Area Increment (BAI)
have been calculated for each intercropping systems and species, J. regia and P. alba. BAI
was calculated from raw ring width, considering concentrically distributed tree-rings [45].
The use of BAI avoids detrending procedure [46] allowing to not lose information on low
frequency variability. Then average of Cumulative Basal Area (CBA) was determined
by summing the average BAI and propagating uncertainties [47,48]. To distinguish the
measurements of the two studied tree species in each intercropping systems, hereafter we
refer to intercropping and then P (for poplar) and the J (for walnut) after an underscore,
e.g., PJ_P refers to P. alba sampled in the PJ intercropping and PJ_J refers to J. regia sampled
in the PJ intercropping.
2.3. Soil Sampling and Laboratory Analysis
In winter of 2018, eight soil cores (10 cm thick) were sampled by a steel cylinder of
known volume (so as to determine the bulk density, BD) in each replication of the four
intercropping systems, following a regular net approximately centered in the centroid of
the stand, from the surface and after litter removal. Once in the laboratory, soil moisture
was measured with standard gravimetric method, oven-drying the soil samples (60 ◦C) to
constant weight, and then passing them through a 2 mm sieve to remove rock fragments and
large roots. The fine earth was analyzed for particle size distribution (by the hydrometer
method [49]), pH (potentiometrically, in 0.01 M CaCl2, using a liquid to soil ratio of 2.5:1),
total C (TC) and N (TN) (by dry combustion at a C/N/S Carlo Erba NA1500 Analyzer).
Organic C was measured by pre-treating the samples with 6 M HCl at 80 ◦C to eliminate
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carbonates [50]. Total inorganic carbon (TIC) was the difference between total carbon (TC)
and total organic carbon (TOC).
For estimating the recalcitrant organic carbon—which is the fraction of TOC assumed
to be more stable in soil—the soil was submitted to a chemical oxidation aimed at removing
the more labile soil organic matter and isolate an older, chemically resistant fraction of
it [51]. Briefly, 10 g of soil were mixed with 20 mL of 1 M HCl for removing the inorganic
carbon. The residue was then washed with 40 mL of distilled water and then added with
100 mL of 1 M NaOCl adjusted to pH 8 and put on a mechanical shaker for six hours
at 25 ◦C. Finally, it was centrifuged at 2000× g for 15 min and the solution discarded.
This treatment was repeated four times. Thereafter the sample was washed four times
with 50 mL distilled water and oven-dried at 60 ◦C to constant weight. The C content of
the residue was measured by dry combustion and accounted for the mass balance, i.e.,
subtracting the mass of C in the residue from the mass of TOC in the untreated sample.
2.4. Intrinsic Water Use Efficiency Determination
From each of the four-intercropping systems, five tree cores that presented the best
cross-dating (GLK > 0.80) were selected for carbon isotopic analyses. Tree rings were
very narrow, preventing annual resolution, thus groups of three-years rings were sep-
arated using a blade cutter. Then the three-year samples were ground into a powder
using a centrifugal mill (ZM 1000, Retsch, Germany), using a mesh size of 0.5 mm to
ensure homogeneity.
The C isotope composition was measured at the Icona Laboratory (DISTABIF, Caserta,
Italy) by continuous-flow isotope ratio mass spectrometry (Delta V Advantage, Thermo
electron corporation, Bremen Germany), using 0.06 mg of dry matter for δ13C measure-
ments. The standard deviation for the repeated analysis of an internal standard was less
than 0.1% for δ13C measurements, whereas the standard deviation for Sigma-Aldrich
α-cellulose (item C8002) were less than 0.2‰ for δ13C.








where R refers to the ratio of the 13C to 12C isotopes in the sample (‘s’) and the reference
(‘r’), compared to the PDB (Pee Dee Belemnite) standard.





where δ13ca and δ13cp are the ratios in atmospheric CO2 and tree-ring, respectively.
The relative rates of carbon fixation and stomatal conductance are the primary factors
that determine ∆ [52]:
∆13C = a + (b− a) ci
ca
(3)
where a is the discrimination against 13CO2 during CO2 diffusion through the stomata
(a = 4.4‰), b is the discrimination associated with carboxylation (b = 27‰), and ci and ca
are the intercellular and ambient CO2 concentrations, respectively.
The intrinsic water-use efficiency (iWUE) can be defined as the ratio of the fluxes of net
photosynthesis and conductance for water vapor, which indicates the cost of assimilation
per unit of water. Using the simplified, linear relationship [35], the intrinsic water use
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where A is the rate of CO2 assimilation, gs is the rate of leaf stomatal conductance, and 1.6
is the ratio of diffusivities of water and CO2 in the atmosphere. Equation (4) is the “basic”
form of isotopic discrimination that does not include effects due to mesophyll conductance
and photorespiration (i.e., assuming an infinite internal conductance), which were not
available for the species here.
δ13ca can be estimated for the period 1995–2004 according to a reference study [53]
and the measured values for the period 2005–2018 available online (http://www.esrl.noaa.
gov/gmd/, access on 15 July 2020), while ca is the concentration of CO2 in the atmosphere,
estimated for each year and obtained by NOAA (http://www.esrl.noaa.gov/, Mauna Loa
station, access date 15 July 2020).
2.5. Climate Analysis
To evaluate how climatic factors affected the productivity of the studied tree species,
the climatic information recorded in the study area in the period between 1995 and 2018,
available from the CRU TS3.23 gridded dataset at 0.5◦ resolution data [54], were examined
(Figure 1). In particular, we correlated minimum, maximum, and average monthly temper-
atures and monthly and total rainfall with CBA data and water use efficiency of the two
species, J. regia and P. alba. Climate data, after being grouped by months, were correlated
using the software Microsoft XLSTAT, with Spearman correlation function (p < 0.05).
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2.6. Data Analyses
All data were checked for normality (using the Shapiro–Wilk test) and homogeneous
variance (by means of Levene’s test) before applying inferential statistics. Differences be-
tween intercropping systems in terms of soil parameters, tree growth and i UE, were
evaluated according to one-way ANOVA, using Student–Newman–Keuls coefficient for
co parison tests (p < 0.05). Cu ulative basal area data were co pared with one way
VA, during the whole period and co paring the juvenile phase (8 years) and the
adult one. To explore multivariate patterns between the intercropping systems, a principal
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component analysis (PCA) [55] was applied using the package XLSTAT. Data matrices
considering the study period and eight variables (iWUE, CBA, TN, TOC, TIC, C/N, re-
calcitrant C and standing tree density) of each intercropping system were processed as
ordination method for indirect gradient analysis [56]. This analysis allows to reduce the
number of independent variables by eliminating those accounting for only a few percent of
the total variance [57].
3. Results
3.1. Dendrochronological Analysis of Populus Alba
The dendrochronological analyses carried out on P. alba showed that the growth curves
in all intercropping systems had a similar trend: in 2008, 2010, 2012 and 2014 there was a
simultaneous decrease in growth, while in 2009, 2011, 2013 and 2015 an increase in growth
was observed in all the mixtures (Figure 2). The GLK was very high in all intercropping
systems: 75, 78, 82, and 75 in PJ_P, PJC_P, PJA_P, and PJE_P, respectively. In some cases, the
wood-cores did not have the first rings because it was not possible to sample the pith, which
explains why the curves had different starting points. Anyhow, all P. alba trees showed a
sustained and regular growth trend in the first years. Subsequently, from 2010 onwards, a
substantial reduction in growth occurred. In addition, the collected data showed different
growth rates of P. alba according to the type of intercropping: intercropping with a third
species, such as hazel (PJC_P), Italian alder (PJA_P), or autumn-olive (PJE_P), resulted in
higher productivity compared to the simple association with J. regia (PJ_P).
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3.2. Dendrochronological Analysis of Juglans Regia
The study of the tree rings carried out suggested an absolute growth lower for J. regia
than for P. alba (Figure 4, p < 0.05). The average GLK measured in the different intercropping
systems was high: 76, 77, 77, and 82 in PJ_J, PJC_J, PJA_J, PJE_J, respectively. The mean
chronologies of J. regia presented in all intercropping systems a reduction in tree growth in
2003, 2005, 2011, 2012, 2015, and 2017 and a homogeneous increase in tree growth in 2000,
2004, 2014 and 2018.
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3.3. Relationship between Growth, iWUE and Climate
The comparison between the average values of iWUE and mean TRW (Figure 6),
calculated for each intercropping systems, showed that both parameters had the highest
value when the studied species were intercropped with E. umbellata (PJE_J, PJE_P, p = 0.008
and p = 0.006 respectively).
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Figure 6. Comparison between the average values of TRW (square indicator) and the average values
of iWUE (rh bus indicator) calculated for Juglan regia (in green) a Populus alba (in blue) in the
different plots. The bars indicate the standard error. Differences between intercropping systems were
evaluated according to one-way ANOV , using Student–Newman–Keuls co fficient for comparison
tests (p < 0.05).
li ate a al sis, t e t er a , s este a positi e influe ce of te perature
on the gro th of P. alba (Table 1). In all intercropping systems the CBA values corre-
lated positively (p = 0.043) with the maximu and edium temperatures of autumn
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(SON = September October and November), as well as with the maximum, minimum and
medium temperature of the summer period (JJA = June, July, August). On the contrary,
no significant correlations (p > 0.05) were observed between growth and precipitation.
However, positive correlation (r = 0.95 *) between iWUE and the precipitation in the
June-July-August trimester was observed in the PJE_p plot. Finally, negative correlations
with the minimum (r = −0.80 *) and medium temperatures (r = −0.82 *) of autumn were
highlighted with iWUE in PJ_P (Table 2).
Table 1. Correlations between cumulative basal area (CBA) of each intercropping systems with average temperature
(Tmean), minimum temperature (Tmin), maximum temperature (Tmax), and total precipitation (Ptot) grouped seasonally
(MAM = March, April and May; JJA = June, July and August; SON = September, October and November). Spearman
correlation coefficients are reported (r), with the corresponding statistical significance (* 0.05, ** 0.01) n = 25.
CBA PJ_J CBA PJC_J CBA PJA_J CBA PJE_J CBA PJ_P CBAPJC_P
CBA
PJA_P CBA PJE_P
Tmin MAM ns ns ns ns ns ns ns ns
Tmin JJA 0.46 * 0.42 * 0.44 * 0.40 * 0.51 * 0.43 * 0.44 * 0.45 *
Tmin SON ns ns ns ns ns ns ns ns
Tmax MAM ns ns ns ns ns ns ns ns
Tmax JJA 0.45 * 0.50 * 0.57 ** 0.46 * 0.48 * 0.51 * 0.55 * 0.48 *
Tmax SON 0.44 * 0.55 * 0.45 * 0.50 * 0.43 * 0.45 * 0.48 * 0.50 *
Tmedium MAM ns ns ns ns ns ns ns ns
Tmedium JJA 0.43 * 0.45 * 0.51 * 0.47 * 0.46 * 0.43 * 0.52 * 0.52 *
Tmedium SON 0.50 * 0.43 * 0.42 * 0.45 * 0.42 * 0.40 * 0.43 * 0.44 *
P MAM ns ns ns ns ns ns ns ns
P JJA ns ns ns ns ns ns ns ns
P SON ns ns ns ns ns ns ns ns
P TOT ns ns ns ns ns ns ns ns
Table 2. Correlations between water use efficiency (iWUE) of each intercropping systems with average temperature
(Tmean), minimum temperature (Tmin), maximum temperature (Tmax), and total precipitation (Ptot) grouped seasonally
(MAM = March, April and May; JJA = June, July and August; SON = September, October and November). Spearman












Tmin MAM ns ns ns ns ns ns ns ns
Tmin JJA ns ns ns ns ns ns ns ns
Tmin SON ns ns ns ns −0.80 * ns ns ns
Tmax MAM ns ns ns 0.86 * ns ns ns ns
Tmax JJA ns ns ns ns ns ns ns ns
Tmax SON ns ns ns ns ns ns ns ns
Tmedium MAM ns ns ns 0.89 * ns ns ns ns
Tmedium JJA ns ns ns ns ns ns ns ns
Tmedium SON ns ns ns ns −0.82 * ns ns ns
P MAM ns ns ns ns ns ns ns ns
P JJA ns ns ns 0.84 * ns ns ns 0.95 *
P SON ns ns ns ns ns ns ns ns
P TOT ns ns ns ns ns ns ns ns
For J. regia we observed for all intercropping systems a positive correlation (p = 0.033)
between CBA values and summer and autumn temperatures (Table 1). There were no
significant correlations (p > 0.05) between precipitation and CBA. Finally, the correlations
between the values of the intrinsic water use efficiency and the climatic data showed
positive correlations just in PJE_J with the maximum (r = 0.86 *) and medium temperatures
(r = 0.89 *) of the spring period and whit summer rainfall (r = 0.84 *) (Table 2).
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3.4. Soil Properties
The soil analyses showed significant differences between intercropping systems
(Table 3). As regards to soil texture (a variable that is actually independent from the tree
cover, but with major repercussions on it), PJA showed the lowest sand and the highest
silt contents, contrary to what happened in PJC. These differences were most likely an-
tecedent to the establishment of trees and the used randomized blocks design approach
did not completely solve the problem. On the other hand, all the tree systems had a
rather homogeneous contribution from the clay fraction, which is the pedological driving
factor of SOC accumulation [58,59] and water holding capacity of soil. Actually, no major
differences in soil moisture (28% ± 7) were found between intercropping systems. Soil
bulk density and pH were similar, no significant differences being found between plots.
The C concentration in soil showed the most remarkable differences. PJC had the highest
soil C content (18.19 g C kg−1), followed by far by PJA, PJ, and PJE (15.2, 13.4, and 13.2 g
C kg−1, respectively). No significant difference in soil N was observed between the inter-
cropping systems, despite the presence of N-fixer trees in two of them, i.e., PJA and PJE.
The resulting C/N ratio was significantly higher in PJC (15.7), while in all the other plots it
ranged between 11.5 and 13. The recalcitrant soil C fraction did not vary much between
intercropping systems, ranging from 2.5% and 2.9% of TOC, with the only exception of PJ,
where its contribution to TOC was even 8.4%.
Table 3. Soil data of the different intercropping systems. Values are mean and standard deviation of 24 replicates, with the
exception of sand, silt, clay and recalcitrant C that are mean and standard deviation of three samples. BD = bulk density;
TOC = total organic carbon, TIC = Total inorganic Carbon; TN = total nitrogen. The superscript letters (a,b,c) indicate
significant differences between means in the different column and for each system, according to One-way ANOVA, followed
by Student–Newman–Keuls coefficient for comparison tests (p < 0.05). Systems that do not share at least one letter are
significantly different.
Sand Silt Clay BD pHCaCl2 TOC TIC TN C/N Stable C
‰ ‰ ‰ g cm3 g kg−1 g kg−1 g kg−1 % of TOC
PJC 59,555 a 256 ± 79 a 149 ± 26 a 1.4 ± 0.1 a 7.0 ± 0.2 a 18.19 ± 0.68 a 18.3 ± 0.5 a 1.18 ± 0.43 a 15.7 ± 2.6 a 2.5 ± 0.7 a
PJE 537 ± 38 abc 294 ± 14 ab 169 ± 32 a 1.5 ± 0.2 a 7.1 ± 0.2 a 13.16 ± 2.90 b 15.9 ± 0.4 a 1.12 ± 0.34 a 12.2 ± 2.2 b 2.9 ± 1.8 a
PJA 375 ± 82 b 424 ± 67 b 200 ± 20 a 1.4 ± 0.2 a 7.0 ± 0.2 a 15.19 ± 4.65 ab 19.1 ± 0.7 a 1.33 ± 0.39 a 11.5 ± 1.8 b 2.5 ± 1.1 a
PJ 437 ± 53 c 380 ± 43 b 183 ± 32 a 1.4 ± 0.1 a 7.0 ± 0.1 a 13.41 ± 4.00 b 21.8 ± 0.6 a 1.15 ± 0.45 a 13.0 ± 4.9 b 8.4 ± 2.4 b
3.5. Multivariate Analysis
The PCA identified the weight of the different variables calculated for the different
systems (Figure 7). The first and second components were used for the biplot, so both
objects (years) and variables were represented in the same best plane explaining the
maximum of variance present in the data. The first two components together explained
60.4% of the variance, with the first component (F1) explaining the higher variance (38.1%).
The multivariate analysis showed a clear separation between the different mixtures, with PJ
showing a strong positive correlation with recalcitrant C and stand density, and a negative
correlation with TIC. Studied tree species in PJC showed a good relationship with TOC
and the C/N ratio, while the PJA intercropping was positively related to TN. Finally, the
distribution of PJE seemed to be positively influenced by iWUE and CBA.
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4. Discussion
.1. Infl ence of the Intercropping on Productivity
Climate–growth cor elations proved that temperature was an important factor for the
growth of the studied tree species, showing a positive influence in sum er and, especially,
autumn, when Mediterranean species can reactivate the cambium because the temperature
and water are not limiting factors [60,61].
The mean annual and cumulative basal area of the studied tree species in all inter-
cropping systems seemed to be linked to the ecological relationships between those species
and the ancillary ones. Multi-species forest crops determine favorable interactions among
species through a mechanism known as “principle of competitive production”, triggering
highest productivity [22,62,63]. This effect is based on niche separation among species,
thus interspecific competition can be lower than intraspecific competition for a given
environmental factor (such as light, water, nutrient), determining a more efficient use of
resources with consequent greater production of biomass of studied tree species [22,64].
Further positive effects can arise from the “facilitative production principle” [22,62,63],
which works when the studied tree species are intercropped with facilitation plants; these
are plants capable of positively influencing tree growth in terms of height and diameter
of the principal species, despite the increase of stand density, through an advantageous
alteration of the environmental conditions, such an increase of light availability for the
crown [65].
In the PJ system the two pivotal tree species, in particular P. alba, showed low pro-
ductivity despite the low stand density. Here, soil organic matter was relatively richer in
the recalcitrant fraction, i.e., the one that best resists decomposition because of its intrinsic
chemical composition [66,67], and this may indicate slow recycling of nutrients and their
inadequate availability in the vegetative period. However, we cannot speculate further, as
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we explored neither the litter decay rate nor the association between SOM and the mineral
fraction, which are controlling factors of nutrient availability to plants. Also, the moderate
differences in soil texture we found between the various intercropping systems may have
somehow affected the different growth rate.
In the PJC stands, the intercropping with C. avellana led to a positive effect on the
growth of the studied tree species, at least in the first years; indeed, hazel has an excel-
lent ability to rapidly colonize the soil with roots and reduce its competition with weed
species [68], exploiting different resources. Furthermore, this ancillary species can influ-
ence the structure and the height of the canopy of the principal species, in particular of
walnut [69]. However, the positive effect on growth decreased after few years. When
the ancillary species become competitive, equaling or exceeding the principal species in
height, thinning is necessary in order to favor the canopy development of the valuable
species [69]. The intercropping with hazel promoted soil C sequestration. Indeed, it has
been demonstrated that hazel positively affects forest floor mass (as is evident in our case),
soil nutrients and microbial properties in mixed forests when N is not a limiting factor [70].
The introduction of N-fixing species is generally considered a good forest practice
to increase soil fertility and foster the growth of principal species [15,71]. In fact, some
studies found higher productivity in principal species when they were intercropped with
Alnus glutinosa L., Robinia pseudoacacia L., or E. umbellata [72–74]. In our case, the mixed
plantations with a N-fixing species, A. cordata and E. umbellata, determined a high produc-
tivity of the studied tree species with some noticeable differences. In fact, especially P. alba
seemed to be better influenced by A. cordata during the juvenile phase (8 years), while in
the longer-term the average tree growth was higher in the PJE stands. Italian alder, thanks
to its ability to supply nitrogen, guarantees benefits to the growth and development of the
canopy [75] and determines greater availability of light and space for the principal plants
with its pyramidal conformation [73]. However, the absence of thinning interventions,
before the onset of negative competition phenomena, in the long-term triggered a reduction
in tree growth of the studied tree species in PJA compared to PJE. As demonstrated by a
previous study [76] on the management of walnut-Italian alder plantations, after a certain
period of time thinning of both species have positive effects on the growth of walnuts,
stimulating their radial development. The PJE stands presented the highest productivity
of the studied tree species, confirming results from several previous studies [73,77–79]. In
fact, in addition to being a N-fixing plant, E. umbellata has a dense canopy able to reduce
competition with weeds [80,81], forcing the valuable plants to take on a more slender
shape thus positively influencing their height and diameter [72,78]. In the absence of any
management intervention, the PJE intercropping offered greater benefits than PJA, most
probably because Italian alder is more competitive than E. umbellata for light, water, and
nutrients, especially towards the J. regia [69].
4.2. Influence on the iWUE
As P. alba and J. regia are very susceptible to water stress [82,83], the analysis of intrinsic
water use efficiency may be the key to explore their different growth responses and produc-
tivity in the four systems [84]. Populus alba showed almost everywhere higher iWUE than
J. regia. Poplar resorts to various drought resistance strategies that may impact productivity
differently: decreased leaf area, leaf abscission, enhanced root growth, increased iWUE,
stomatal closure, and osmotic adjustment, among others [83,85,86]. It has been observed
that poplar genotypes with high water use efficiency were less susceptible to water stress
than genotypes with low iWUE. Thus, poplars with high iWUE could be identified and
selected for the purpose of ensuring high biomass productivity [87]. As for walnut, its
growth is strongly affected by water deficit, which results in decreased yield [88,89] and in a
strong competition for soil water when the rooting zones of neighboring plants overlap [90].
This could account for the lower tree growth and iWUE compared to P. alba.
There were no significant differences of iWUE of the studied tree species in the
PJ, PJA and PJC stands, while there was in the iWUE of both studied species growing
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with E. umbellata. The PCA analysis showed that the higher productivity of the studied
trees in the PJE stand was linked to an increase in their iWUE. Such an increase can be
attributed to inherent differential physiological responses of different species [explained
following [35] by either an increase assimilation (A) at constant stomatal conductance (gs)
or by a reduction in gs at constant A] or by interaction effects of other environmental or
climatic factors [91,92]. As the environmental variables were the same in all intercropping
systems, we suggest that the increase in iWUE and productivity found in PJE could be
connected to a major resource availability compared to the other stands. A previous
research [40] highlighted an improvement in iWUE in the principal species Quercus robur
growing together with A. cordata to be essentially due to the increase in N availability
(inferred by the increase in N% in tree-rings) that induces an increase in the photosynthetic
activity. Indeed, N fertilization has been frequently reported to increase tree iWUE [37–39].
Alnus cordata and E. umbellata are both N fixing species, but the latter appears to have
favored more the studied tree species in terms of iWUE and productivity. This could be
due to the different strategies for water supply implemented by growing in the mixed
stands. To minimize water competition, J. regia is able to opportunistically exploit the
different available water sources [93], thanks to a very deep and plastic root system [94]. In
fact, in the first years of growth, the roots reach a depth of about 3–5 m [95,96], while later
they can even deepen up to 10 m [97]. However, intercropping with A. cordata can limit
roots development in J. regia [98]. Therefore, one can hypothesize that in the PJA, a lower
root development of the walnut intercropped with an extensive and shallow root system
of P. alba and A. cordata [93], forced the three species to compete for water supply. Such
a competition may have resulted in an increase in iWUE and lower productivity of the
studied tree species in comparison to the PJE system. On the other hand, intercropping with
E. umbellata (PJE), an ancillary tree with a superficial root system, could have favored a non-
competitive exploitation of the soil water resources with the principal plants. The positive
correlations found between the summer precipitations and the iWUE values of the studied
tree species (Table 2) confirmed greater availability of water in those systems. Indeed,
studied species improved their water use efficiency during the June–July–August period.
This likely resulted in an increase in photosynthetic activity (A) in the studied tree species,
then translated into higher productivity [99]. Furthermore, the shrubby conformation of
E. umbellata, unlike Italian alder, implies lower evaporation of water thanks to a greater
soil cover [78] ensuring large water availability and providing shelter and protection to the
main species, particularly in the juvenile stages [100].
5. Conclusions
We found that Populus alba and Juglans regia increased their tree growth when growing
with ancillary species, especially with N-fixing species, such as A. cordata and E. umbellata.
Further, in all the intercropping systems, the mixture with hazel enhanced soil C stock.
Populus alba productivity increased especially in the juvenile phase (first 8 years),
while in the adult phase we could speculate that resources competition among species
became limiting (both aboveground and belowground), in particular with C. avellana.
Management practices, such as thinning and pruning, as well as scheduling a gradual
removal of fast-growing species are thus crucial to favor the development of the principal
species in these mixed plantations. Of the two intercropping systems with N-fixing species,
the one with E. umbellata promoted water use efficiency better in both studied tree species,
in particular in poplar.
Our study confirms our research hypothesis that companion species, especially with
N-fixing species, can influence substantially wood formation and growth as well as soil
C stock and highlights the importance of carefully considering the species dynamics in
planning forest management.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12091251/s1, Figure S1: (A) Study area in which four intercropping systems were compared
using a randomized blocks design with three replications. Photo modified by Google Earth, (B) Plant-
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ing layout of the different intercropping. On the left poplar and walnut intercropping, on the right
poplar and walnut intercropped respectively with hazel, italian alder and autumn-olive.
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and upper soil layer development in two contrasting post-mining chronosequences. Ecol. Eng. 2001, 17, 275–284. [CrossRef]
72. Becciolini, R.; Pelleri, F. Consociazione tra farnia e ontano napoletano: Valutazione degli effetti in un impianto prima e dopo il
diradamento. Sherwood For. Alberi Oggi 2006, 119, 11–16.
73. Tani, A.; Maltoni, A.; Mariotti, B.; Buresti Lattes, E. Juglans regia L. tree plantations for wood production in mining area of S.
Barbara (AR). Evaluation of N-fixing accessory trees effect. For. Riv. Selvic. Ecol. For. 2006, 3, 588–597. [CrossRef]
74. Corazzesi, A.; Tani, A.; Pelleri, F. Effetto della consociazione e del diradamento in un impianto di arboricoltura da legno con
latifoglie di pregio dopo oltre. Ann. Silvic. Res. 2010, 36, 37–48. [CrossRef]
Forests 2021, 12, 1251 17 of 17
75. Buresti, E.; Domenach, A.M.; Bosco, M.; Moiroud, A. Comparison Between Quercus Robur/Alnus Cordata Mixed Plantation and
Quercus Robur in Monoculture BT—Nitrogen Fixation. In Proceedings of the Fifth International Symposium on Nitrogen Fixation
with Non-Legumes, Florence, Italy, 10–14 September 1990; Polsinelli, M., Materassi, R., Vincenzini, M., Polsinelli, M., Materassi,
R., Vincenzini, M., Eds.; Springer Netherlands: Dordrecht, The Netherlands, 1991; pp. 651–652, ISBN 978-94-011-3486-6.
76. Cutini, A.; Giannini, T. Effetti della consociazione con Alnus cordata sulla funzionalità di impianti di noce comune (Juglans regia
L.) sottoposti a diradamento. J. Silvic. For. Ecol. 2009, 6, 29–38. [CrossRef]
77. Schlesinger, R.C.; Williams, R.D. Growth response of black walnut to interplanted trees. For. Ecol. Manag. 1984, 9, 235–243.
[CrossRef]
78. Clark, J.R.; Hemery, G.E.; Savill, P.S. Early growth and form of common walnut (Juglans regia L.) in mixture with tree and shrub
nurse species in southern England. Forestry 2008, 81, 631–644. [CrossRef]
79. Mohni, C.; Pelleri, F.; Hemery, G.E. The modern silviculture of Juglans regia L.: A literature review. Bodenkultur 2009, 60, 21–34.
80. Ponder, F. Weed control and autumn-olive affect early growth and survival of black walnut in a hardwood clearcut. New For.
1988, 2, 195–201. [CrossRef]
81. Hemery, G.E. Growing walnut in mixed stands. Q. J. For. 2001, 95, 31–36.
82. Loewenstein, N.J.; Pallardy, S.G. Drought tolerance, xylem sap abscisic acid and stomatal conductance during soil drying: A
comparison of canopy trees of three temperate deciduous angiosperms. Tree Physiol. 1998, 18, 431–439. [CrossRef]
83. Monclus, R.; Dreyer, E.; Villar, M.; Delmotte, F.M.; Delay, D.; Petit, J.-M.; Barbaroux, C.; Le Thiec, D.; Brechet, C.; Brignolas, F.
Impact of drought on productivity and water use efficiency in 29 genotypes of Populus deltoides x Populus nigra. New Phytol.
2006, 169, 765–777. [CrossRef]
84. Palandrani, C.; Battipaglia, G.; Alberti, G. Influence of tree species richness on tree growth and intrinsic water-use efficiency after
drought in tree plantations in north-eastern Italy. Eur. J. For. Res. 2020, 139, 869–877. [CrossRef]
85. Roden, J.; Van Volkenburgh, E.; Hinckley, T.M. Cellular basis for limitation of poplar leaf growth by water deficit. Tree Physiol.
1990, 6, 211–219. [CrossRef]
86. DesRochers, A.; Van Den Driessche, R.; Thomas, B.R. The interaction between nitrogen source, soil pH, and drought in the growth
and physiology of three poplar clones. Can. J. Bot. 2007, 85, 1046–1057. [CrossRef]
87. Edwards, C.E.; Ewers, B.E.; McClung, C.R.; Lou, P.; Weinig, C. Quantitative variation in water-use efficiency across water regimes
and its relationship with circadian, vegetative, reproductive, and leaf gas-exchange traits. Mol. Plant. 2012, 5, 653–668. [CrossRef]
88. Lampinen, B.; Buchner, R.P.; Fulton, A.; Grant, J.; Mills, N.; Prichard, T.; Schwankl, L.; Shackel, K.; Gilles, C.; Little, C.; et al.
Irrigation Management in Walnut Using Evapotranspiration, Soil and Plant. Based Data; California Walnut Board and Commission:
Folsom, CA, USA, 2003.
89. Buchner, R.P.; Lindow, S.E.; Adaskaveg, J.E.; Pickel, C.; Gilles, C.K.; Koutsoukis, R.; Smith, S.G. Walnut Blight Control. Investigations
Tehama 2008; California Walnut Board and Commission: Folsom, CA, USA, 2008.
90. Caldwell, M.M.; Richards, J.H. Hydraulic lift: Water efflux from upper roots improves effectiveness of water uptake by deep
roots. Oecologia 1989, 79, 1–5. [CrossRef]
91. Battipaglia, G.; Saurer, M.; Cherubini, P.; Calfapietra, C.; Mccarthy, H.R.; Norby, R.J.; Francesca Cotrufo, M. Elevated CO2
increases tree-level intrinsic water use efficiency: Insights from carbon and oxygen isotope analyses in tree rings across three
forest FACE sites. New Phytol. 2013, 197, 544–554. [CrossRef] [PubMed]
92. Walker, A.P.; De Kauwe, M.G.; Bastos, A.; Belmecheri, S.; Georgiou, K.; Keeling, R.F.; McMahon, S.M.; Medlyn, B.E.; Moore, D.J.P.;
Norby, R.J.; et al. Integrating the evidence for a terrestrial carbon sink caused by increasing atmospheric CO2. New Phytol. 2021,
229, 2413–2445. [CrossRef]
93. Lauteri, M.; Alessio, G.A.; Paris, P. Using oxygen stable isotopes to investigate the soil-plant-atmosphere hydraulic continuum in
complex stands of walnut. Acta Hortic. 2006, 705, 223–230. [CrossRef]
94. Boudru, M. Forêt et Sylviculture: Sylviculture Appliquée; Presses Agronomiques De Gembloux: Gembloux, Belgium, 1986;
ISBN 9782870160305.
95. Becquey, J. Les Noyers à Bois; Forestier, Institut Pour Le Developpement: Paris, France, 1997; ISBN 9782904740558.
96. Bernetti, G. Selvicoltura Speciale; UTET: Torino, Italy, 1995.
97. Stanescu, V.; Sofletea, N.; Popescu, O. Flora Forestiera Lemnoasa a României; Ceres: Bucuresti, Romania, 1997; ISBN 9789734003839.
98. Salbitano, F.; Buresti Lattes, E.; Tani, A. Analisi Comparata Dell’architettura di Apparati Ipogei ed Epigei di Piante di Juglans spp.;
Prefettura di Firenze: Firenze, Italy, 2001.
99. Ehleringer, J.R.; Hall, A.E.; Farquhar, G.D. Stable Isotopes and Plant. Carbon-Water Relations; Academic Press: San Diego, CA,
USA, 1993.
100. Aussenac, G. Interactions between forest stands and microclimate: Ecophysiological aspects and consequences for silviculture.
Ann. For. Sci. 2000, 57, 287–301. [CrossRef]
